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Acoustic and buoyancy modes throughout stellar evolution - 
Seismic properties of stars at different stellar ages and masses 
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Parameter regions in which stars can become pulsationally unstable are found throughout the Hertzsprung-Russel diagram. 
Stars of high, intermediate, low and very low masses may cross various instability regions along their paths of evolutionary 
sequences. In describing them, I give special consideration to hybrid pulsational characteristics that are particularly valu- 
able for asteroseismic investigations, to P measurements that allow us to directly follow the stellar evolutionary changes 
in some stars, and to new research results that stand out with respect to previous consensus. 
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1 Introduction 

Stars are gaseous spheres in hydrostatic equilibrium that 
continuously radiate away energy into space. The hydro- 
static equilibrium, when disturbed, can be balanced again 
by adjusting the pressure; local deviations from a spheri- 
cal shape can be restored by the action of buoyancy. The 
energy carried from the centre to the surface of the star 
can under the right circumstances be temporarily stored and 
transformed into kinetic energy, giving rise to oscillations 
about the equilibrium. The properties of these stellar pul- 
sations can vary widely, and many possible combinations of 
circumstances that are 'right' cause pulsating stars to appear 
all over the Hertzsprung-Russel diagram. A visual represen- 
tation of many of these classe s of pulsators has been update d 
several times from Fig. 1 in lChristensen-Dalsgaardl d 1998b . 
A very similar and improved recent representation may be 
found as Fig. 1 (right panel) in the comprehensive and at the 
same time readily comp rehensible sum mary of the subject 
of asteroseismology bv lHandlen d2012l) . 

I will discuss a cross-section of these pulsating stars 
and their seismic properties for different masses and ages. 
Since it depends on the mass how a star evolves with age, 
mass ranges are distinguished from the point of view of 
different end products of stellar evolution: by high-mass 
stars I mean those with initial masses on the main sequence 
above eight solar masses, typically bound to end in a su- 
pernova explosion. There is a possible exception for stars 
around eight to ten solar masses that can go through car- 
bon fusion only ('super- Asymptotic Giant Branch') before 
evolving into O/Mg/Ne core White Dwarfs. I designate as 
intermediate- and low-mass stars those with initial masses 
between 0.5 and eight solar masses that will evolve into 
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C /O core White Dwarfs via a central helium burning stage. 
Low-mass stars have masses between 0.08 and 0.5 solar 
masses and will eventually turn into helium-core White 
Dwarfs. 

I start by summarising criteria by which pulsating 
stars may be distinguished, before giving examples for the 
classes of variable stars associated with the different mass 
ranges. 

It is beyond the scope of this article to discuss the effects 
on the pulsations that arise when the spherical symmetry is 
already broken in the equilibrium state of a star. This hap- 
pens when one orientation is preferred over other directions, 
for example along the rotational axis, the axis of a magnetic 
field, or the axis defined by the orbital plane in a binary, 
and can have pronounced consequences depending on the 
strength of the geometric, temperature or tidal deviati ons of 
the spheroid. See the contribution by iHekken (120131) for a 
discussion on the evolution of pulsational frequencies as a 
function of magnetic fields in particular. 

1.1 Physical seismic properties 

Geometry. In the spherically symmetric case, the solutions 
to the equations describing time-dependent perturbations to 
the equilibrium state separate into radial, angle-dependent 
and time-dependent factors for each of the (infinite number 
of) modes. Depending on the number of nodes of the radial 
part, a subset of modes may be described as low overtone 
(with few radial nodes, including the fundamental mode 
without any radial node) or high overtone (with many ra- 
dial nodes, including the regime of 'asymptotic limit'). The 
modes in a pulsator exhibiting a subset of low overtones 
may also be called low-oder modes, or high-order modes in 
the case of high overtones. The angular part can be math- 
ematically described by spherical harmonics, with the de- 
gree describing the overall number of node planes (zero to 
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countably infinite) through the spherical surface, and the az- 
imuthal order describing the number of node planes inter- 
secting the equator while observing their orientation. The 
azimuthal order can therefore take any value (in integer 
steps) from minus the value of the degree to plus the value 
of the degree. Stars with modes appearing uniquely with a 
degree of zero, i.e. no angular node planes, are pure radial 
pulsators. The occurrence of radial and non-radial modes, 
i.e. the general case, characterizes the non-radial pulsators. 
Stars in which many modes are excited at the same time (see 
below) are sometimes called multi-mode pulsators; they in- 
clude non-radial modes in p-mode pulsators and are exclu- 
sively non-radial modes in g-mode pulsators (see below for 
p and g modes) . 

Restoring force. The oscillation frequency of the radial 
fundamental (f) mode for a star is determined by its struc- 
ture - actually almost exclusively by the star's mean den- 
sity. Although all other modes are also global phenomena, 
different mode types propagate in distinct typical depths of 
the star, governed locally by oscillatory behaviour due to ei- 
ther predominantly pressure or predominantly buoyancy as 
a restoring force. For both branches separately, the overall 
geometry of a mode, given by its radial order, degree and 
azimuthal order, determines its oscillation frequency for a 
given stellar structure. If the restoring force in the structure 
for this mode is predominantly conveyed via pressure (p), its 
frequency will be higher than that of the radial fundamental; 
if the restoring force is predominantly conveyed via buoy- 
ancy (gravity, g), its frequency will be lower than that of the 
radial fundamental. All modes with periods longer than the 
fundamental radial mode are necessarily non-radial modes. 
For modes of the same degree, a mixed mode character 
that bridges the evanescence zone between the gravito- and 
acoustic-dominated propagation regions in different depths 
can sometimes also occur. 

Driving mechanism. Although every star has an infi- 
nite number of such eigenmodes, by far not all modes are 
excited in all stars. In stars that are stable, all the modes 
are damped. This is in fact the case for the Sun, where 
the oscillation caused by any single perturbation is damped 
away with a characteristic lifetime. The surface convection 
zone however provides continued perturbations, or noise, 
at a large range of frequencies, collectively resulting in the 
phenomenon of stochastic excitation. The eigenmodes re- 
appear endlessly with very low amplitudes and at random 
phases. 

A functioning driving mechanism is required to excite 
larger amplitudes in at least a subset of the modes. A valve 
effect in a suitable envelope layer of the star can turn the 
system into a heat engine. In the most common case, the 
valve affects the radiative flux and is provided by the opac- 
ity k whenever said opacity - in contrast to its 'normal' 
dependency on temperature and pressure - increases with 
compression, a behaviour found in partial ionisation zones. 
The k effect can be further enhanced by increased ionisa- 



tion during compression, called the 7 effect, hence also the 
description as K-7 mechanism. 

The partial ionisation zones of H and He I give rise 
to re-mechanism-driven pulsations across the Hertzsprung- 
Russel diagram, ranging from Giant stars at low effec- 
tive temperatures (Mira type variables), probably across the 
main sequence (roAp stars), and down to cool DA White 
Dwarfs (ZZ Ceti variables). Where the location of the par- 
tial ionisation zone of He II is at the right depth in the star, 
we find the classical instability strip containing the various 
types of Cepheids, among them the S Cephei, RR Lyra, and 
S Scuti variables. Towards higher temperatures still mainly 
the partial ionisation of the M-shell electrons of Fe group 
elements cause the instability regions with (3 Cephei and 
SPB variables on the main sequence, sdBV r and sdBV s on 
the extreme horizontal branch, and stretching up into the 
regime of higher luminosities where a sdOV resides. In the 
region of the highest stellar temperatures, partial ionisation 
of the K-shell electrons of C and O drives pulsations in the 
pre- White Dwarf stars of spectral type PG 1159, the GW 
Vir variables. In several of these settings, the elements pro- 
viding the opacity are supported in the 'right' stellar depth 
either by radiative levitation or by mass loss that slows down 
gravitational settling. 

The action of the n mechanism is modified by convec- 
tion. The pulsation-convection interaction is complex, but 
when modelled successfully can explain the location of the 
red edge (lower effective temperature limit) of the instabil- 
ity strip. Two limiting cases, where the time scales of con- 
vection and pulsation much differ, lead to important further 
driving mechanisms in their own right. Both apply to stel- 
lar structures with radiative interiors and exterior convection 
layers. For convection time scales much longer than the pul- 
sation time scale, the faster luminosity perturbations from 
deeper layers in the radiative flux are 'ignored' by the con- 
vective layer which is basically inert on these time scales, 
and the perturbations are effectively blocked at the base of 
the convection zone. This translates into heating in phase 
with compression within the convection zone, our previ- 
ously formulated requirement for driving. The convective 
blocking mechanism causes the excitation of modes as seen 
in the 7 Dor instability region. For convection time scales 
much shorter than the pulsation time scale, surplus energy is 
immediately redistributed within the convection zone, also 
leading to heating in phase with compression and hence a 
valid driving mechanism that acts in White Dwarfs of DBV 
type (V777 Her) and contributes to the driving in the DAV 
type (ZZ Ceti). 

We complete our systematics of driving mechanisms by 
mentioning the e mechanism and the strange modes. The e 
mechanism acts on the principle of increased heating of a 
layer (typically in a star's central region) upon compression 
due to strongly increasing nuclear fusion rates with increas- 
ing temperature. Changing nuclear reaction rates during a 
pulsational cycle have been predicted to affect a variety of 
stellar classes, but modes theoretically excited by it will in 
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general be unobservable as a matter of principle due to the 
time scales involved. Strange modes occur in an environ- 
ment that is dominated by radiation, i.e. they are relevant 
for stars at high masses. The strange modes are also distinct 
from the p and g modes. 

Different driving mechanisms tend to excite different 
types of modes, e.g. while stochastic excitation selects high- 
overtone p and g modes in solar-like stars, the k mecha- 
nism due to He II excites low-overtone p and g modes in 5 
Scuti stars, and convective blocking excites high-overtone g 
modes in 7 Doradus stars. As this can sometimes happen in 
the same star, the existence of hybrids is no surprise. Such 
hybrids have however only been discovered in larger num- 
bers in the last decade (see below). 

Thermodynamics. The discussion of mode geometry, 
restoring forces and to some extent even of driving mech- 
anisms in a linear (where perturbations are assumed to be 
small) and adiabatic approximation (where the energy bal- 
ance is assumed to be unaltered after a full pulsational cy- 
cle) yields viable results with respect to the prediction of 
the location of frequencies in a star's pulsational spectrum. 
For the purpose of further distinguishing between deviating 
behaviour in different pulsators, it can be instructive to de- 
termine whether a star adheres to linear behaviour in most 
of its perturbed quantities and/or near-adiabacity in the en- 
ergy conservation. Full non-linear non-adiabatic treatment 
is always mandatory to predict pulsation amplitudes, which 
are in reality often not very well matched yet by models. 

1.2 Observable seismic properties: examples 

General observables. Variable stars are classified strictly by 
a combination of observational properties: their pulsation 
periods, amplitudes, and their spectral type and luminosity 
class. Of course these characteristics are directly related to 
the properties discussed above: spectral type and luminos- 
ity class correspond to an evolutionary state that determines 
the stellar structure, and the combination of driving mech- 
anism, mode type and selected modes in this structure di- 
rectly determines the observed pulsation periods and ampli- 
tudes. Understanding these physical mechanisms in detail 
leads to a number of useful diagnostics. Mode identification 
is one possible helper in the process. Because of geomet- 
ric cancellation, only low-degree modes retain observable 
amplitudes (in velocity or intensity) when integrated across 
the stellar surface. This limitation of unavoidable integra- 
tion does not apply to the Sun. 

Solar-like oscillations. Several diagnostics have been in 
place well before the first solar-like oscillations could be 
observed in a star other than the Sun. The oscillations cor- 
respond to high-overtone p modes in the envelope (the g 
modes believed to exist in the core are much harder to de- 
tect, see below). This together with the validity of the Cowl- 
ing approximation, where it is appropriate to neglect per- 
turbations to the gravitational potential, simplifies the equa- 
tions of stellar pulsation such that an analytic asymptotic re- 
lation for the frequencies may be found: in this asymptotic 



limit, frequencies of subsequent radial orders are evenly 
spaced. These regular so-called 'large spacings' are indeed 
found both in the Sun and in solar-like pulsators, and along 
with the 'small spacings' found between modes of the next 
but one degree give rise to such well-known diagnostics as 
the Echelle diagram, the asteroseismic HR diagram (or JCD 
diagram), and many more advanced tools. 

A major issue in applying these tools to the large num- 
ber of solar-like oscillators known today is the derivation 
of proper scaling relations for observables such as the fre- 
quency of maximum power and the mean frequency spac- 
ings, but also the oscillation amplitudes and line widths, that 
describe how these quantities vary with mass, effective tem- 
perature, luminosity, and chemical composition of the star. 
This quest for the correct scaling relations, beyond a power 
of the luminosity-to-mass ratio where simply the exponent 
needs to be fixed, includes the solar-like oscillations ob- 
served in Subgiant and Red Giant stars, and any empirical 
relation proposed must also be corroborated by a theoretical 
understanding of it. 

For the solar-like oscillations in Red Giants, a further 
important diagnostic has emerged that exploits the existence 
of modes with mixed character, where the information about 
the core is encoded in the g mode part and communicated 
through to the p mode part near the surface, which has a de- 
tectable amplitude. In particular, the regular period spacing 
of these mixed modes is readily observable. 

Subdwarf B stars. The Subdwarf B stars may be consid- 
ered intermediate objects between solar-like stars and White 
Dwarfs. With surface gravities above log g /cms -2 « 5.2 
they belong to the compact pulsators. The propagation re- 
gions are the envelope for the p modes and deeper regions 
for the g modes, as in the Sun. The p modes, as observed 
in the sdBV r , however are of low order and low degree. 
The g modes observ ed in the sdBV s a re of m id orders and, 



as demonstrated by Charpinet et al. (2000), are similarly 



trapped and confined as the g modes in pulsating White 
Dwarfs. Due to the low or mid overtones, equal frequency 
spacings for the p modes or equal period spacing for the g 
modes in the asymptotic limit may be approached in some 
stars but are not strictly realised, so that full modelling is 
always required do to asteroseismology with sdB variables. 
In particular, there is no physical reason for the existence of, 
and n o observational ind ication for, small frequency spac- 
ings ( Fon taine et al .l l2007h . 

White Dwarfs. The frequencies observed in White 
Dwarfs correspond to high-order low-degree g modes in 
GW Vir variables, and to low-order low-degree g modes 
in ZZ Ceti variables. These modes, propagating in the en- 
velope, are attributed to the g branch although the restoring 
force is a combination of acoustic and gravity effects, which 
is equally true for the p modes found in the core of White 
Dwarf models. The latter are not only hard to detect because 
of their near-vanishing amplitudes at the surface, but also 
due to their very short periods of the order of one second, 
and have not been observationally discovered yet. This is 



www.an-journal.org 



©2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 



4 



S. Schuh: Acoustic and buoyancy modes throughout stellar evolution 



quite the opposite from the situation in the Sun, where it is 
the g modes that live in the core and that are observationally 
elusive. 

In the case of the GW Vir variables, the regular period 
spacing of the high-order g modes c an be explored as di- 
agnostics. For selected GW Vir stars, Corsico et al. ( 20091) 
have systematically investigated the differences in their re- 
sults obtained for the stellar parameters by comparing the 
observed period spacing with the asymptotic period spacing 
of their models, and with the average of the computed pe- 
riod spacings, as well as with their results that they obtained 
through a direct fit procedure to individual periods. 

2 High-mass stars 

Stars at high masses are intrinsically highly variable. The 
large radiation pressure leads to dynamic atmospheres with 
significant mass loss. The light observed from such stars 
therefore often appears modified by the previously ejected 
circumstellar material that it passes through. The various 
physical processes are not always well enough understood 
to clearly disentangle the origin of an observed variation, 
e.g. from rotation or pulsations. 

2.1 Vicinity of the main sequence 

Pulsations in B stars are driven by the Fe -k mechanism. 
At two to seven solar masses, i.e. intermediate masses, 
the Slowly Pulsating B (SPB) stars pulsate in high-order g 
modes. In the seven to twenty solar mass range, the more 
rapid /3 Cephei variability results from low-order p and g 
modes. Some Be stars are also pulsating and closely linked 
to the SPB and f3 Cep. Additionally, (very few) rapidly ro- 
tating SPB stars exist with their frequency spectra modified 
accordingly. Making things yet more complicated, slow pul- 
sations are also detected in all j3 Cephei stars as soon as 
the sensitivity is high enough, i.e. when the objects are ob- 
served from space (see also the discussion on hybrid pul- 
sators). At higher masses, the formerly separately classified 
( Oph variables of spectral type O have been recognised 
as the high-temperature extension of the f3 Cep variables. In 
this regime, strange mode driving due to the increased radia- 
tion pressure starts to add to the Fe -n mechanism and even- 
tually becomes dominant. The theoretical instability region 
widens and starts to encompass the main sequence above 
forty solar masses, as well as the supergiant region at low 
effective temperatures. 

2.2 Evolved stages 

At later evolutionary stages, the mass loss suffered previ- 
ously leads to a higher luminosity-to-mass ratio and hence 
an increasing contribution from strange modes. Above 
twenty solar masses, a combination of Fe -n mechanism and 
strange modes, with unclear amounts of contributions from 
each, generates more or less irregular variability in stars. 



The boundaries between pulsations and outbursts start to 
dissolve. The Periodically Variable Supergiants (PVSG) of 
spectral types A and B tend towards pulsational character- 
istics, while the Luminous Blue Variables (LBV) definitely 
tend towards the outburst characteristics. The locations of 
L BV stars in the HR diagram may be appreciated in Fig. 4 
of iRest et al.l (120121) . They are believed to represent an in- 
termediate evolutionary st age in the transition to the Wolf- 



Rayet stars (see Fig. 3 in iMoffat et al. 1989 for an evolu 



tionary sequence including the so-called Wolf-Rayet funnel 
in the HR diagram). Strange modes have been predicted in 
many types of massive stars, but are expected to have the 
largest amplitudes in Wolf-Rayet stars. The detection of a 
periodic signal of potentially pulsational nature in a Wolf- 
Rayet star observed by the M OST satellite howev er exhibits 
an unexpectedly long period ( Lefevre et al.l2005l) . Although 
this and similar observations in two further objects are at- 
tributed to pulsational instabilities, they are not generally 
accepted as unambiguous strange mode detections. 

Cepheid variability also occurs partly in the high-mass 
range, spanning two to twenty solar masses for the classical 
Cepheids, but is entirely discussed in the next section. 

3 Intermediate- and low-mass stars 
3.1 The classical instability strip 

The Cepheid instability strip encompasses a wide range of 
evolutionary states and masses. 

Pre-main sequence stars. Pre-main sequence stars at 
masses above eight solar masses are not observed as they 
evolve too quickly. The pre-main sequence stars in the mass 
range 2-8 solar masses are the Herbig Ae/Be stars, those 
with masses below two solar masses the T Tauri stars. Both 
cross the instability region on their way to the main se- 
quence and can become pulsationally unstable, resulting in 
5 Scuti-like pulsators that populate the same area in the HR 
diagram as the classical <5 Scuti stars ( Zwintz et al. 2009). 
Some T Tauri stars are known to additionally pulsate in 
high-order g modes. 

Apart from this passage thro ugh the class i cal in stabil- 
ity strip, it should be noted that ISamadi et al.l Q2005) have 
predicted solar-like oscillations in pre-main sequence stars 
from theory. Solar-like oscillations in their own right as well 
as the evolution of seismic properties of pre-main sequence 
- main-sequence - Red Giant stars are furthermore treated 
in many of the other contributions to this issue. 

Cepheids. The Cepheids encompass the classical 
Cepheid variables of 5 Cephei type with masses above 
three solar masses (and their population II counterparts 
of W Virgines type with masses below one solar mass); 
the horizontal-branc h stars of RR Lyrae type (see also 
Guggenbergerl |20 1 3l) in the mass range of 0.6-0.8 solar 
masses; and the Dwarf Cepheids of 8 Scuti type with masses 
from 1.5-2.5 solar masses (and their population II counter- 
parts of SX Phoenicis type, which are typically blue strag- 
glers and whose origin is not always certain for a given 
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object), found near the main sequence but actually repre- 
senting evolutionary inhomogeneous classes as described 
above. An additional type are the anomalous Cepheids, be- 
lieved to result from binary mergers. 

Historically, one of the great mysteries in Cepheid re- 
search has been the mass discrepancy problem, paraphras- 
ing the fact that masses derived from evolutionary mod- 
els on the one hand and pulsational models on the other 
hand were in disagreement by up to 30%-40%, until the 
usage of Los Alamos opacities w as replaced by OPAL 
opacities dRogers & Iglesiasl 1 1 992h. reduc ing the discrep- 



ancy to below 10% (Moskal ik et al.ll 19921) . Systematic dif- from observations. Be ck et al.l (|2012) 



modes are measured, and the quest for gravity modes from 
the core is considered a major objective. The detection of 
g modes via a periodic structure in agreement with the pre- 
dic ted period separatio n for dipole modes has been cla imed 
by iGarcfa et al.l d2007l) . but lAppourchaux et alj ( 12010 ) can 
only conclude that "there is indeed a consensus [. . . ] that 
there is currently no undisputed detection of solar g modes". 

The situation is different for Red Giants, where all 
modes are mixed modes and c arry information fro m the stel- 
lar core. Such mixed modes ( Bedding et alj 2oToT) . as well 
as g-mode period spacings (Beck et al. [201 11) . are reported 



ferences still per s ist at this level, as shown for example by 
Pietrzvnski et al.l (120101) who were able to confirm the pul- 
sational mass of a Cepheid in an eclipsing binary dynami- 
cally with a precision of 1%. The evolutionary models there- 
fore require improvement and at the same time demonstrate 
the continuing need for better opacities along with the re- 
assessment of further input physics such as convection. The 
need for work on the opacities is a major issue encountered 
in the analysis of several further types of variables, includ- 
ing both the pulsating main sequence B and the Subdwarf B 
stars, and last but not least the Sun itself. 

Radial and non-radial pulsations in Cepheids. The 
radial pulsations in classical Cepheids come in several 
flavours: The most common occurrence are single modes, 
with the star pulsating either in the fundamental (F) or the 
first overtone mode (01), but the OGLE survey in particular 
has added significantly to the zoo. Still in single mode, some 
Cepheids pulsate in the second overtone (02), whereas dou- 
ble mode pulsators can show both the combination F/Ol or 
01/02, and then there are some triple mode pulsators as 
well as Cepheids with Blazhko-like modulations. (For the 
more common B l azhko effect i n RR Lyrae stars, se e e.g. 



Szabo et al.ll2010llMolnaril2013llGuggenbergerl2013l) . 
Furthermore, non-radial modes have been observed 



by ISoszvnski et al.l d2008l) and IMoskalik & Kolaczkowski 
d2009l) . Interestingly, these observed non-radial pulsations 
cannot be expl ained theoretically by line ar instabilities 
for low degrees dMulet-Marquis et"aL 20071) . so significant 
challenges remain even for the poster child variable stars 
that are the Cepheids. The precise knowledge of Cepheid 
parameters is of paramount interest due to their role as dis- 
tance indicators. Asteroseismologically, however, Cepheids 
are not as profitable as other pulsators due to the over- 
all sparsity of their modes: As a rule, more, and different, 
modes are better to differentially sound the inner structure 
of stars. 



3.2 Hybrid pulsators 

In trying to meet the need to obtain improved local and 
global stellar parameters, hybrid pulsators have the poten- 
tial to contribute significantly to breakthroughs. 

Hybrids with solar-like oscillations. The Sun itself is a 
prime example for a hybrid, where the envelope acoustic 



use an inverse ap- 
proach to obtain results impl ying a fast rotatio n of the core. 
Forward modelling by lOuazzani et al.l (120121) on the other 
hand suggests that, already at moderate rotation rates, sym- 
metrical patterns arise around axi-symmetric modes that 
may be mistaken as multiplet splittings. She further cautions 
that at high core rotation rates the splittings are so far from 
symmetrical that the correct selection of modes to measure 
splittings can become very difficult, if not impossible. 



Back on the main sequence, lAntoci et al.l d201 ll) report 
the detection of solar-like oscillations in a 5 Scuti star, well 
above the temperature limit empirically determined to mark 
the transition b etwee n opac ity-driven and solar-like pulsa- 
tions by iHuber et al. ( 201 lb with some small overlap be- 
tween the two. The existence of the 5 Scuti - solar-like hy- 
brid does not necessarily imply that the location of this tran- 
sition must be revised. It could also be possible that the long 
lifetimes are due to energy transfer from the k mechanism 
(Antoci, priv. comm.). 

Further up the main sequence, hybrid behaviour 
has been predicted fo r the j3 Cep and the SPB stars 
dBelkacem et alj|2009al) . Solar-like oscillati ons in a Cep 



star hav e subsequently been reported by Bel kacem et al. 



(2009b), but no further su ch objects turned up in the KE- 
PLER data investigated bv lBalona et all d2011bl) . 

Hybrids on the main sequence. The 5 Scuti vari- 
ables show low-order g and p modes, the 7 Dor vari- 
ables show high-order g modes. In the overlap region be- 
tween the two instability strips, four hybrids had been con- 
fir med prior to KEPLER, e.g. wi th M OST; see fo r exam - 



(2006), 



pie lHandler & Shobbrookl (|2002) and iRowe et al. 
and references therein. Several of these hybrids show 
intermediate-order gravity modes, challenging theory. The 
difficulties have only increased so far since the numbers 
of known hybrids has gone up significantly with detec- 
tions from C0R0T and KEPLER, across a parameter space 
that stretches beyond the bounds of both previously es- 
tablished instability regions. The situation to date is that 
there exist no pure 5 Set or 7 Dor regions. The hybrids 
detected from space fill the S Set instability strip and do 
not simply concentrate on the ov erlap region (cf. iHaretei 



20131) . lUvtterhoeven et all d201 lb find that 23% of 171 A- 



and F-type stars are hybrids. While Grigahcene et al. (2010) 
go ahead and boldly prop ose a new classification scheme, 
Uytterhoeven et al.l d201 ll) stress the importance of first de- 
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termining accurate physical parameters of all the stars. They 
continue by suggesting that a physical mechanism differ- 
ent from the n mechanism and convective blocking effects 
might be responsible for the occurrence of hybrids well out- 
side the 7 Dor instability region that must be investigated. 

Further peculiar combinations include the detection of 
7 Dor pulsations in a roAP star, and 7 Dor and 6 Scu pulsa- 
tions in Ap stars ( Balona et alj|201 la ). 

Beyond the main sequence A-F stars, a strange m ode 
has been reported in a RR Lyrae star ( Szabo et al]|2010h . 

A further important group are the hybrids among B 
stars showing j3 Cep and SPB pulsations, i.e. low-order p 
and g modes simultaneously with high-order g mo des (see 



e.g. Balona et al. 201 lbt Jerzykiewicz et al. 2005 ). These 



hybrids, however, do mostly not occur in the overlap re- 
gion, but in hotter (3 Cep that exhibit additional high-order 
g modes. The task ahead for asteroseismology is to under- 
stand and take advantage of all these newly discovered ob- 
jects. 

Hybrids among compact pulsators. The compact pul- 
sators comprise evolved objects either beyond the Red Gi- 
ant Branch or post- Asymptotic Giant Branch phases. On 
their way to exposure of the compact core, stars evolving 
through the AGB stage may first become Mira variables. 
As post-AGB stars, they may turn into RV Tauri variables, 
which are Supergiants pulsating in the fundamental mode. 
Hydrogen-deficient post-AGB stars are discussed at the end 
of this subsection. Hot Subdwarf stars are bound to com- 
pletely avoid the AGB phase. 

The Subdwarf B stars show either rapid (sdBV r ) or 
slow (sdBV s ) pulsations, or both: the first hybrids (sdBV IS ) 
were found from the ground in the empirically determined 
short-period/long-p eriod overlap temperat ure range (e.g. 



Schuh et all 120061). From KEPLER data, l0stensen et al 



( 201 1 , 2010l) find that below the temperature boundary re- 
gion marked by the hybrid sdB pulsators discovered from 
the ground, all stars pulsate when observed from space. 
Not unlike the situation for j3 Cep stars when observed 
from space, where SPB pulsations are always pre s ent as 
soon as the sensitivity is high enough, 0stensen et al. ( 2010) 
demonstrate that the only rapid pulsator in the KEPLER 
field also shows a low-amplitude mode in the period region 
of slow pulsations. Moreover, from the additional detection 
of rapid pulsations with low amplitudes in slowly pulsat- 
ing sdB stars, located in the lower-temperature parameter 
range, they conclude that hybrid behaviour may be common 
in these stars even outside the boundary temperature region 
where hybrid pulsators had previously been found. 

A very peculiar object among the pulsating Subd- 
warf B stars is the He-sdB star LS IV- 14° 116. When 



Ahmad & Jeffer y ( 2005) discovered its pulsations, they at 
tributed them to high-order g mod es. This has been con- 
firmed by model calculations by iMiller Bertolami et al 



d201 II) . with an interesting twist: in their models, the e 
mechanism acting in the He -burning shells is driving the 
pulsations. If confirmed, this would be the first 'discovery' 



of the e mechanism in a star that corresponds to an object 
actually observed in reality. 

For completeness, I also mention the Subdwarf O stars 
where new classes of variables might be emerging. Only one 
variable sdO is known in the field (IWoudt et al . 2006), and it 
shows very rapid multi-frequency variations. iRandall et alJ 
d2.012l) report on a group of sdOV, with seismic properties 
closer to those of the field sdB variables, in the cluster ui 
Cen. 

Within the White Dwarf regime, all the instability re- 
gions are well separated from each other. While there are 
hence no hybrids, White Dwarfs have repeatedly been the 
targets for P measurements which are discussed in the fol- 
lowing subsection. The pulsating White Dwarf classes are 
therefore introduced here. 

The majority of White Dwarfs, the DAs with hydrogen- 
dominated atmospheres, move through the ZZ Ceti instabil- 
ity strip furthest down on the cooling sequence. 

The hottest pulsating White Dwarfs, the GW Vir vari- 
ables, belong to the two (evolutionary probably subsequent) 
spectral classes Wolf-Rayet-type Central Star of Planetary 
Nebula ([WC]) and PG 1 159, which are believed to emerge 
from a second passage to the Asymptotic Giant Branch af- 
ter a (late) helium flash, known as the born-again scenario. 
This significantly alters their surface composition: Notably, 
the atmospheres become hydrogen-deficient, with individ- 
ual differences in the abundances of the dominant elements 
He , C , O and Ne . The descendants of the [WC] to PG 1 159 
sequence are the helium-rich DO, and later DB, spectral 
type objects, unless there were residual traces of hydrogen 
left in the PG1159. There are no stars spectroscopically 
classified as DO among the GW Vir variables, so the al- 
ternative designation DOV is misleading. 

The White Dwarfs with helium-dominated atmospheres 
of DB spectral type eventually make their passage through 
the DBV, or V777 Her, instability strip. 

The wide variety of the hydrogen-deficient (pre-) White 
Dwarfs and t heir pos s ible e volutionary links have been 
described by IWernerl (1201 11) . Among them are the Hot 
DQ stars, from which stems the most recently introduced 
class of pulsating White Dwarfs, the Hot DQ pulsators 



(Mon tgomery et alj|2008l) . A significant fraction of them, 



currently five out of a total of fourteen of thes e rare objects, 



pulsa te in low-order and low-degree g modes (iDufour et al. 



201 ll and references therein). Following late st suggestions 



for their evolutionary origin (Werner 1201 II) . the Hot DQ 
stars may be the possible descendants of super-AGB stars, 
and would not have evolved through the 'normal' PG 1 159 
stage as previously considered. 

In this context, it is also opportune to refer to a po- 
tential additional hydrogen-deficient post-AGB evolution- 
ary sequence, encompassing further variable classes. If the 
RCrB stars are the result of a binary merger of a He - 
and a C /O -core White Dwarfs (instead of descending from 
a born-again track after a late thermal pulse), then they 
are probably also the progenitors of the extreme helium 
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stars (eHe), which subsequently evolve into O (He ) White 
Dwarfs. The RCrB phenomenon is characterised by a very 
noticeable variable behaviour consisting of irregular, sud- 
den dimmings by up to several magnitudes, believed to re- 
sult from dust formation episodes, followed by gradual re- 
covery to the previous brightness. The RCrB stars have 
spectra of types F and G, the eHe stars spectra of type A 
and B. At lower luminosities corresponding to Giant stars, 
the hydrogen-deficient carbon stars (HdC) show very simi- 
lar characteristics as the RCrB stars, minus the RCrB vari- 
ability. All of these stars have relatively low masses below 
one solar mass, mostly concentrated in a compact core, but 
surrounded by an extended envelope that leads to a very 
high overall luminosity-to-mass ratio. Just as for the mas- 
sive main sequence or evolved stars, this high luminosity- 
to-mass ratio leads to pulsational instabilities that are ob- 
served, at lower amplitudes than the R CrB phenomenon it- 
self, in practically all RCrB stars and related objects. The 
contribution of strange modes is significant, in particular for 
the g-type or radial modes in the R CrB stars, and for the 
longest-period modes, as well as the short-period non-radial 
g modes, in the eHe stars. Finally, in between those period 
ranges, a third variable class is known among the eHe stars 
that seems to be better characterised as g modes driven by 
the Fe -k mechanism. 

3.3 Secular P effects 

Period changes in pulsating stars are a common phe- 
nomenon, and the Cepheids may again serve as a first ex- 
ample here. A no n-z ero P ha s been reported for RR Lyrae 
as early as Il916l by IShaplevi The potential of such mea- 
surements to constrain stella r evolution scenarios was high- 
lighted by Eddington (119191) . when he concluded from the 
small value of the period shortening observed for 5 Cephei 
that it was quite inconsistent with the much larger value 
"demanded by the contraction theory", leaving him "no es- 
cape from the conclusion that the energy radiated by a star 
come s mainly from some source other than contraction". 
Later. Istruve ( 19591) worked out how the period change in 
Cepheids is due to a change in radius, with increasing or de- 
creasing effective temperature at constant luminosity. The 
sign of the period change therefore determines the insta- 
bility crossing mode (from higher to lower temperatures or 
vice versa), and its absolute value can indicate whethe r it is 
the first, second, or third pass, as iTurner et al. ( 20061) have 
recently shown by comparing the observed and theoretical 
P for a sample of 200 Cepheids. Figuratively, obtaining a 
P value puts an arrow of defined length and at least with a 
primer on the direction (negative or positive) onto an exist- 
ing evolutionary track at the current location of the object, 
with the evolutionary track simultaneously containing its on 
theoretical values for P. Many of them could build up some- 
thing similar to a slope field for evolutionary tracks. 

Assuming a detailed model for a pulsating star exists 
from asteroseismology, one P measurement - or better yet 
more for different modes - can provide an excellent test of 



the quality of the underlying evolutionary model and poten- 
tially constrain it even further. Such measurements are ob- 
servationally expensive and, depending on the type of star, 
may require decades of monitoring for a conclusive result. 
The measured values available with components that actu- 
ally represent true secular effects are therefore rather rare. 
They imply that we are following stellar evolution in real 
time; here are some examples. 

Fo r the Subdwarf B stars, a monitoring program is on- 
going (Schuhetal and results are available for three 
objects so far dSilvotti et al.l 120021 iLutzl |201 lb . including 
preliminary evidence on the degree of their core helium ex- 
haustion. 

For the p r ototyp e of the GW Vir variables, 
Costa & Kepler! (12008b present measurements that il- 



lustrate how complex and at the same time rewarding the 
interpretation of P can be. In this region, the PG 1 159 stars 
turn around the 'knee' in a log g-T e ff diagram, and can take 
on both negative and positive values for P. 

The P values are always positive further down the cool- 
ing sequence of White Dwarfs, and since the cooling rate 
has gone down significantly once the ZZ Ceti instability 
strip is re ached, the values become smaller and harder to 
measure. iKepler etaf. (2005) have succeeded in obtaining a 
significant measureme nt for one DAV , using it to derive the 
C /O ratio in the core. lMullallv et al.l d2008b have extended 
the survey to a dozen further objects. 

4 Very-low-mass stars and beyond 
4.1 M Dwarfs 

In the centre of stars below 0.5 solar masses, the conditions 
for stable core helium fusion are never reached, so these 
stars will eventually evolve into He-core white dwarfs. Stars 
become fully convective below 0.25 solar masses and never 
evolve into Red Giants. At lifetimes of 5 • 10 11 years and 
longer on the main sequence, well beyond the present age 
of the universe, evolutionary considerations are however of 
no practical concern for the discussion of presently known 
classes of pulsating stars in this mass range. 

Observationally, M dwarfs appear as quite variable stars 
due to their significant levels of activity. This intrinsic vari- 
ability in conjunction with their relative faintness hampers 
the search for the signature of pulsations, and no detections 
have been reported so far. 

In principle, solar-like oscillations are expected in any 
star with a surface convection zone, so on the main sequence 
this applies for all stars from one solar mass down, includ- 
ing the M dwarfs discussed here. The stochastic excitation 
should be even more effective once the stars become fully 
convective, but at the same time (in)stability against pul- 
sations also becomes inc reasingly harder to compute. Al- 
though lHuber et alj d201 II) report some evidence for the hy- 
pothesis that increased stellar activity suppresses mode am- 
plitudes via the magnetic fields (albeit predominantly for 
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Subgiant stars), it should only be a question of sensitivity to 
eventually detect the stochastically excited oscillations, and 
the first radial-velocity searches are underway. 

Additionally, as previously for many other types of stars, 
it has been proposed from theoretical calculations that pul- 
sations may be excited in M Dwarfs through the e mech- 
anism. As in previous investigations, however, it turns out 
that the growth rates, describing the time after which the 
modes reach an observable amplitude, are of the same order 
of magnitude as the time scales of stellar evolution, i.e. the 
nuclear time scale. These modes are therefore unobservable 
as a matter of principle. 

4.2 Brown Dwarfs 

Beyond the bottom of the main sequence, the Brown Dwarfs 
are completely uncharted territory with respect to pulsa- 
tions. The difficulties are on the one hand of observational 
nature - the objects are much fainter still than the M Dwarfs 
- but it is also theoretically difficult to explore this mass 
range. At the temperatures and pressures associated with the 
structures of Brown Dwarfs, the uncertainties in the opaci- 
ties, in particular the molecular opacities, are currently still 
so large that the results of any stability analysis cannot be 
considered very reliable. 



been described as completely as possible, that await to be 
explored. Beyond the classical asteroseismology exercise of 
matching observed periods to those in a set of models, thus 
deriving stellar parameters, P measurements have been re- 
called to provide an additional test for consistency between 
evolutionary and pulsational models. The observational dif- 
ficulties as well as challenges encountered in the interpre- 
tation of observations have been showcased across a wide 
range of stellar masses and ages. 
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